From Eric Priest, Mike Lockwood, Sami Solanki and Arnold Wolfendale Svensmark's article in the February issue (A&G 2007 48 1.18) presented a possible mechanism for the way the Sun could influence the Earth's climate. He suggested that water droplets condense in the ionization trail left by cosmic rays, whose flux varies inversely with solar activity: when the magnetic field of the solar wind is stronger, it shields the Earth from galactic cosmic rays and so decreases their flux on the Earth; according to Svensmark's ideas, this produces fewer clouds and thereby heats the Earth. This raises two key questions: firstly, is this mechanism viable and, secondly, can George Bush gain comfort from it in terms of the origins of present-day climate change?
It is now well established that, at least before 1970, there was indeed a correlation between the Earth's climate and solar activity. This can be seen in the papers by e.g. Solanki and Krivova (2003) , for the last 150 years and Bond et al. (2001) over longer timescales. For instance, in the 17th century (dubbed the "little ice age") the temperature of northern Europe was lower than normal and the river Thames froze over, and this was also a time of very low solar activity (called the "Maunder minimum") when there appear to have been very few sunspots at all for 70 years. Also, the concentration of CO 2 has been measured for the past 650 000 years from ice cores: it decreases during each ice age and goes up in between, to a maximum value that is generally 280 parts per million.
Although these correlations do exist, there is as yet no generally agreed mechanism to explain them. The white-light solar emission does vary, but by only 0.1% over a solar cycle, and the century-scale drift appears to be also of this magnitude, which is too small to explain the variation in the Earth's temperature. One suggestion (not yet proved) is that the UV or EUV emission of the Sun, which varies much more than the white-light emission and which is absorbed high in the atmosphere, could somehow be influencing the lowatmosphere climate and amplifying the solar effect. Another plausible suggestion is the one offered by Svensmark: but it is also not yet proved, since it is at present not clear that the cosmic ray-induced aerosols are in practice strong enough to affect climate. A puzzling feature of the suggestion is that there is no correlation of cosmic-ray flux with high-level clouds -which is where the ionization is highest -and yet an apparent correlation at low levels (below 3.2 km) where the ionization is low. Another difficulty concerns the averaging that is needed, since both cosmic rays and cloud cover vary with latitude in different ways.
So, even if it works, does Svensmark's mechanism give any support to George Bush's attitude that the current global warming is not caused by human activity? Not at all! The observed correlations between the Sun's behaviour and the Earth's climate have completely failed since the 1970s. In the past 30 or 40 years the Earth's temperature has gone up much more rapidly than you would expect from the Sun -indeed there is strong evidence that since 1985 all the changes in the Sun have been in the opposite direction to that required to warm the Earth. Also, the amount of CO 2 in the atmosphere is now 380 parts per million -very much larger than it has been for the past 650 000 years. This was highlighted at a recent meeting in the Royal Society on the science of climate change following on from the IPCC's (Intergovernmental Panel on Climate Change) report reviewing the latest scientific data on global warming.
The mechanism proposed by Svensmark and any influences that the Sun has had on our past climate are valid and interesting fields of study that may well give us valuable new understanding of our climate system. But, in our view, there is no doubt at all that the ongoing global warming is not being caused by the Sun but mainly by the greenhouse gases such as CO 2 that we are emitting. We all, therefore, have a part to play in reducing the greenhouse effect in future -we must not fail to respond to the rapid and unprecedented changes that are taking place today because of debate over the much slower changes that occurred in the past. (A&G 2007) that Titan was discovered by "a Dutch amateur astronomer", a description I have not seen applied before to one of the truly great giants of science of the 17th century. A Fellow of the Royal Society, Christiaan Huygens is well known to astronomers as the discoverer of Titan and of the true nature of Saturn's rings, and the inventor of the Huygens eyepiece. He is known to students of physics for the Huygens construction in physical optics, which contributed greatly to the understanding of the wave nature of light. With Galileo and Newton he was one of the founders of the science of mechanics. While Galileo is usually credited with the discovery of the approximate isochrony of the simple pendulum, it was Huygens who derived the formula for its period. Huygens showed that a cycloidal pendulum was truly isochronous, independent of its amplitude. Like Harrison much later, Huygens realized that the solution to the determination of longitude at sea lay in the construction of an accurate clock, of which he constructed several, and he wrote authoritatively (Horologium Oscillatorium) on the subject. It was during his studies of the conical pendulum that he understood and gave the correct formula for the centripetal acceleration. He correctly analysed, in his famous book De Motu Corporum, the conservation of momentum and kinetic energy in elastic collisions, and he introduced the notion of product moment of inertia into the theory of solid-body rotation.
Huygens is honoured today in the name of the Titan lander, but this honour recognizes that one of the great scientists of all time was rather more than "a Dutch amateur astronomer". D ata on cloud cover from satellites, compared with counts of galactic cosmic rays from a ground station, suggested that an increase in cosmic rays makes the world cloudier. This empirical finding introduced a novel connection between astronomical and terrestrial events, making weather on Earth subject to the cosmic-ray accelerators of supernova remnants in the Milky Way. The result was announced in 1996 at the COSPAR space science meeting in Birmingham and published as "Variation of cosmic-ray flux and global cloud coverage -a missing link in solar-climate relationships" (Svensmark and Friis-Christensen 1997).
The title reflected a topical puzzle, that of how to reconcile abundant indications of the Sun's influence on climate (e.g. Herschel 1801, Eddy 1976, Friis-Christensen and Lassen 1991), with the small 0.1% variations in the solar irradiance over a solar cycle measured by satellites. Clouds exert (on average) a strong cooling effect, and cosmic-ray counts vary with the strength of the solar magnetic field, which repels much of the influx of relativistic particles from the galaxy. The connection offers a mechanism for solardriven climate change much more powerful than changes in solar irradiance.
During the past 10 years, considerations of the galactic and solar influence on climate have progressed so far, and have found such widespread applications, that one can begin to speak of a new paradigm of climate change. I call it cosmoclimatology and in this article I suggest that it is already at least as secure, scientifically speaking, as the prevailing paradigm of forcing by variable greenhouse gases. It has withstood many attempts to refute it and now has a grounding in experimental evidence for a mechanism by which cosmic rays can affect cloud cover. Cosmoclimatology already interacts creatively with current issues in solar-terrestrial physics and astrophysics and even with astrobiology, in questions about the origin and survival of life in a high-energy universe. All these themes are pursued in a forthcoming book (Svensmark and Calder 2007) .
How do cosmic rays help make clouds?
The comparisons of data on clouds and cosmic rays, with which the story began, continued to pay off. They confirmed that cloudiness is more clearly linked with solar-modulated galactic cosmic rays than with other solar phenomena such as sunspots or the emissions of visible light, ultraviolet and X-rays (Svensmark 1998). A big step forward came with the realization that the lowest clouds, below about 3 km in altitude, respond most closely to variations in the cosmic rays (Marsh and Svensmark 2000), a counter-intuitive finding for some critics (e.g. Kristjansson and Kristiansen 2000) . Figure 2 compares data from the International Satellite Cloud Climatology Project and the Huancayo cosmic-ray station. There is no correlation at high and middle altitudes, but an excellent match at low altitudes.
In figure 3 , the correspondence between low clouds and cosmic rays is seen to persist over a longer timescale. A simple interpretation is that there are always plenty of cosmic rays high in the air, but they and the ions that they liberate are in short supply at low altitudes, so that increases or decreases due to changes in solar magnetism have more noticeable consequences lower down. The involvement of low-level clouds provided an experimental opportunity. The chief objection to the idea that cosmic rays influence cloudiness came from meteorologists who insisted that there was no mechanism by which they could Changes in the intensity of galactic cosmic rays alter the Earth's cloudiness. A recent experiment has shown how electrons liberated by cosmic rays assist in making aerosols, the building blocks of cloud condensation nuclei, while anomalous climatic trends in Antarctica confirm the role of clouds in helping to drive climate change. Variations in the cosmic-ray influx due to solar magnetic activity account well for climatic fluctuations on decadal, centennial and millennial timescales. Over longer intervals, the changing galactic environment of the solar system has had dramatic consequences, including Snowball Earth episodes. A new contribution to the faint young Sun paradox is also on offer.
ABSTRACT do so. On the other hand, some atmospheric physicists conceded that observation and theory had failed to account satisfactorily for the origin of the aerosol particles without which water vapour is unable to condense to make clouds. A working hypothesis, that the formation of these cloud condensation nuclei might be assisted by ionization of the air by cosmic rays, was open to microphysical investigation by experiment.
Experimental tests
In 1998 Jasper Kirkby at the CERN particle physics lab in Geneva proposed an experiment called CLOUD to investigate the possible role of cosmic rays in atmospheric chemistry. The idea was to use a beam of accelerated particles to simulate the cosmic rays, and to look for aerosols produced in a reaction chamber containing air and trace gases. The temperature and pressure would be adjustable to simulate conditions at different levels in the atmosphere. Kirkby assembled a consortium of 50 atmospheric, solar-terrestrial and particle physicists from 17 institutes to implement it (CLOUD proposal 2000), but regrettably there were long delays in getting the project approved and funded. The go-ahead eventually came in 2006 and the full experiment at CERN should begin taking data in 2010.
Meanwhile, in Copenhagen, the discovery that low-level clouds are particularly affected by cosmic-ray variations suggested that a simpler experiment, operating only at sea-level temperature and pressure, might capture some of the essential microphysics. Instead of a particle beam, we used natural cosmic rays, supplemented by gamma rays when we wanted to check the effect of increased ionization of the air. Our team set up the experiment in the basement of the Danish National Space Center, with a large plastic box containing purified air and the trace gases that occur naturally in unpolluted air over the ocean. Ultraviolet lamps mimicked the Sun's rays. During experiments, instruments traced the chemical action of the penetrating cosmic rays in the reaction chamber. We called the experiment SKY, which means "cloud" in Danish.
By 2005 we had found a causal mechanism by which cosmic rays can facilitate the production of clouds (Svensmark et al. 2007) . The data revealed that electrons released in the air by cosmic rays act as catalysts. They significantly accelerate the formation of stable, ultra-small clusters of sulphuric acid and water molecules which are building blocks for the cloud condensation nuclei. Henrik Svensmark draws attention to an overlooked mechanism of climate change: clouds seeded by cosmic rays. 3: As in figure 2 , the lowcloud comparison extends over a longer period.
